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REDUCED LEVELS OF AMBULATORY ACTIVITY contribute considerably to the worldwide development of metabolic disease, including glucose intolerance, insulin resistance, and type 2 diabetes (1, 4) . Older adults are at risk for adopting physically inactive lifestyles (32) , often precipitated by functional deficits following repeated bouts of bed rest/hospitalization (8, 23) coupled with slow/incomplete muscle recovery from injury or illness-related disuse (47) . A repeated observation in older adults following a bout of short-term physical inactivity is the rapid deterioration of whole body insulin sensitivity, glucose uptake, and lean mass (8, 13) . Because skeletal muscle plays a significant role in postprandial glucose disposal and whole body insulin sensitivity (19, 46) , skeletal muscle dysfunction can have a profound impact on the development of metabolic disorders. Therefore, a further understanding of the cellular events responsible for altered postprandial glucose homeostasis is needed within this vulnerable population.
A novel candidate mechanism that may contribute to physical inactivity-induced insulin resistance is activation of the Toll-like receptor/myeloid differentiation primary response 88 (TLR/MyD88) pathway and subsequent increase in inflammatory pathways and ceramide accrual within skeletal muscle tissue. Mammalian TLRs, such as TLR4, are transmembrane proteins predominantly found at the surface of immune cells and nonimmune tissues (e.g., skeletal muscle) and play a pivotal role as a first line of defense in pathogen recognition and innate immunity (49) . The most recognized cellular response to TLR agonists (e.g., LPS/endotoxin, saturated fatty acids) is an upregulation of proinflammatory cytokines mediated by NF-B and MAP kinase signaling (e.g., JNK) (37, 38, 45) . Importantly, a dysregulated inflammatory response can lead to impaired insulin signaling (28) and is noted to be chronically elevated with insulin resistance, obesity, and diabetes. Of the proteins associated with TLR signaling, MyD88 is a common, yet indispensable, cytoplasmic adaptor protein of most of the TLR subfamily members (31, 39) . This was well demonstrated nearly 15 years ago when Kawai et al. (31) demonstrated that MyD88 Ϫ/Ϫ mice have a blunted response to endotoxin compared with WT mice. Therefore, investigating MyD88 is a logical first-step approach linking skeletal muscle TLR/MyD88 signaling to physical inactivity-induced glucose intolerance.
Another recently recognized action of TLR/MyD88 signaling is de novo synthesis of the bioactive sphingolipid ceramide (11, 26) . In 2011, Holland et al. (26) reported that TLR4-deficient mice are resistant to a lipid-induced skeletal muscle ceramide accumulation. Moreover, LPS increased myotube mRNA levels of critical enzymes involved in ceramide biosynthesis (e.g., SPT2), whereas knockdown of NF-B signal-ing reversed this transcriptional response (26) . Ceramides regulate many important cellular functions such as apoptosis and cellular differentiation, proliferation, and growth (5) . However, ceramide overabundance in muscle cells can antagonize insulin signaling (11, 27, 42) and is linked with many metabolic abnormalities (2, 3, 12, 25, 48) .
The role of TLR/MyD88 signaling in mediating impaired insulin responsiveness and glucose handling during physical inactivity is unknown. Therefore, in light of important work implicating inflammation and ceramides with metabolic disruption, the purpose of this study was to determine whether the TLR/MyD88 pathway is important in regulating inflammation, ceramide biosynthesis signaling, and impaired insulin signaling in muscle following physical inactivity in both rodent and human models.
MATERIALS AND METHODS

Animals. Female C57BL/6J wild-type (WT) and MyD88
Ϫ/Ϫ mice (C57BL/6J genetic background; Jackson Laboratories) 8 -12 wk old were housed in a conventional animal house and maintained on a 12:12-h light-dark cycle and temperature controlled environment (22-23°C). The WT and MyD88 Ϫ/Ϫ mice were divided into two groups: ambulatory controls [(CON): WT, n ϭ 10; MyD88 Ϫ/Ϫ , n ϭ 6] and hindlimb unloading [(HU): WT, n ϭ 10; MyD88 Ϫ/Ϫ , n ϭ 6]. Animal weights (and postintervention) can be found in Table 1 . All animals were handled in accordance with the National Institutes of Health Guide to the Care and Use of Laboratory Animals. All animal experiments were approved by the Institutional Animal Care and Use Committee of the University of Utah (no. .
Hindlimb unloading protocol. Animals assigned to CON were able to freely ambulate in their cage (2-3 animals/cage) and have ad libitum access to food (standard chow) and water during the 14-day experimental period. For the HU group, animals underwent hindlimb suspension (2 animals/cage) using a modified unloading method based on the traditional NASA Morey-Holton design for studying disuseatrophy in rodents (20) . Briefly, a sterile surgical steel suture was inserted into the animal's tail while the animal was anesthetized. The steel suture was then shaped into a ring for later suspension onto a steel bar with a swivel. After a 5-day recovery period, the animals were suspended off the ground by their hindlimbs (30°) for 14 days. Animals had access to a 360°perimeter within the cage and were able to reach food and water. All mice were monitored at least once daily for behavior and for food and water intake. Body weights were monitored daily to ensure that mice were not experiencing excessive weight loss due to malnutrition or dehydration, and there was no weight loss evident in the HU animals (Table 1) . On day 13, CON and HU mice were fasted for 6 h and received an intraperitoneal glucose injection (1 g/kg body wt ip). Blood glucose levels (Bayer Contour) via a tail vein were determined immediately before (0) and 5, 15, 30, 60 , and 120 min following the glucose injection. On day 14, animals were fasted for 6 h and euthanized with CO 2, and paired soleus and plantaris muscles were rapidly dissected, frozen in liquid nitrogen, and stored at Ϫ80°C for later analysis. Additionally, a sample of blood was collected before euthanizing the animals for measurement of insulin (Insulin ELISA Kit; Crystal Chem, Chicago, IL).
Participants. Nine healthy, recreationally active older adults (7 F, 2 M; 66 Ϯ 1 yr; BMI 25 Ϯ 1 kg/m 2 ) were recruited from the Salt Lake City area by posted flyers and radio advertisement ( their hospital bed during the entire duration of the 5-day study except, when needed, subjects were assisted by nursing staff to access the toilet or sink (using a wheelchair). Three meals a day were prepared by a research dietician and were composed of a macronutrient composition of 15% protein, 55% carbohydrate, and 30% fat. Daily caloric intake was determined by body weight and corrected for physically inactive individuals. Standard of care for bedridden patients was followed during this 5-day protocol as we have done previously (17) . This included 24-h nursing supervision, daily safety blood draws, intermittent lower leg compression devices, and daily visits by a physical therapist to administer passive range of motion in the arms and legs. On day 4, the DEXA scan and OGTT test were repeated under the same conditions as before. On day 1 and day 5 of bed rest and after an overnight fast, a muscle sample was obtained from the vastus lateralis by percutaneous needle biopsy, as we have done previously (15) . The tissue sample was cleaned with saline, and visible fat and connective tissue were quickly removed. Tissue was frozen in liquid nitrogen and stored at Ϫ80°C for later analysis.
Human serum analysis. Serum collected during the OGTT and was assessed for glucose using a standard glucose analyzer (YSI, Yellow Springs, OH). Insulin (EMD Millipore, Billerica, MA), lipopolysacharride (LPS, LAL assay; Lonza, Walkersville, MD) and nonesterified fatty acids [NEFA-HR (2); Wako Chemicals, Richmond, VA] were determined according to manufacturers' instructions. Insulin and glucose values during fasting were used to calculate HOMA-IR during fasting, and postprandial glucose and insulin values were used to calculate the Matsuda Index, a measure of peripheral (i.e., muscle) insulin sensitivity calculated from fasting glucose and insulin responses and following the OGTT. Serum or plasma was delivered to ARUP (Associated Regional and University Pathologists) Laboratories for specific lab analysis for HDL, LDL, total cholesterol, and triglycerides.
Immunoblotting. The relative abundance of target proteins was determined in muscle samples via immunoblotting, as we have done previously (17) . Briefly, tissue samples were homogenized 1:10 (wt/ vol) using a glass tube and mechanically-driven pestle grinder in an ice-cold buffer containing 50 mM Tris (pH 7.5), 250 mM mannitol, 40 mM NaF, 5 mM pyrophosphate, 1 mM EDTA, 1 mM EGTA, and 1% Triton X-100 with a protease inhibitor cocktail. Homogenates were centrifuged at 1,500 g for 10 min at 4°C. After centrifugation, the supernatant was collected and the protein concentration determined using the Bradford technique. Proteins from the supernatant fraction were separated via polyacrylamide gel electrophoresis, transferred onto a polyvinylidene difluoride membrane, and incubated with primary and secondary antibodies directed against the proteins of interest. Membranes were exposed on a ChemiDoc XRS (Bio-Rad) and quantified with Image Lab software (Bio-Rad). The specific antibodies used to detect target proteins were TLR4, phospho-nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor, alpha (IB␣ Ser 32/36 ), total IkB␣, phospho-c Jun NH2-terminal kinase (JNK; Thr 183 /Tyr 185 ), total JNK, interleukin-6 (IL-6), serine palmitoyltransferase-2 (SPT2), phospho-Akt (Ser 473 /Thr 308 ), total Akt, protein tyrosine phosphatase receptor type C (CD45), and monocyte chemotactic protein-1 (MCP-1). All antibodies were purchased from Cell Signaling Technologies (Danvers, MA) except TLR4, SPT2, CD45, and secondary antibodies (Santa Cruz Biotechnology, Santa Cruz, CA). GAPDH (Cell Signaling Technologies) was used to verify equal protein loading in each lane. We also included an internal control on each gel to normalize each protein and to correct for gel-to-gel variability.
Gene expression. RNA was isolated from skeletal muscle samples as reported previously (18) . Total RNA was DNase treated, and cDNA was synthesized using commercially available kits (DNA-free; Ambion, Austin, TX) (iScript; Bio-Rad, Hercules, CA). Real-time qPCR was carried out with a CFX Connect real-time PCR cycler (Bio-Rad) combined with SYBR Green fluorescence. Cycle threshold values were normalized to ␤2-microglobulin (␤2M), and then fold change values (vs. Pre-Bed Rest) were calculated using the 2 Ϫ⌬⌬CT method. Primers were custom designed (Beacon Designer) and carefully optimized for myeloid differentiation primary response 88 (MYD88) (NM_001172567) forward AGCCTTATTTCCTA-ATGGG, reverse GACTTGTCACTGCTGAAG and CD45 (NM_002838) forward AGCAATATCAATTCCTATATGAC, reverse GCACCAAGTGGATTAACA. Primer sequences for IL-6 (NM_000600) and MCP-1 (NM_002982) were generated from PrimerBank (50), while primer sequences for ␤2M have been published previously (16) . All primer sequences were purchased from Life Sciences.
Statistics. Data are expressed as means Ϯ SE. Statistical analyses were conducted using the Prism program. Statistical analyses for animal experiments were conducted using an analysis of variance (ANOVA). The Student-Newman-Keuls test was used for post hoc analysis. A paired t-test was used to analyze subject characteristics and pre vs. post blood and muscle data from the human experiments. A repeated-measures ANOVA was used to assess differences in serum glucose and insulin following the OGTT. Pearson correlations were used on selected muscle markers and physiological parameters. Area under the curve was calculated using the trapezoid rule. Statistical significance was set a priori at P Ͻ 0.05.
RESULTS
Mouse characteristics. There were no differences in body weight between WT and MyD88 Ϫ/Ϫ CON groups or in response to 14 days of HU (Table 1 ). In contrast, soleus and plantaris weight in the WT HU group decreased ϳ50% compared with WT CON group (P Ͻ 0.05) but only ϳ25% in the MyD88 Ϫ/Ϫ HU group compared with MyD88 Ϫ/Ϫ CON groups (P Ͻ 0.05). Thus, the decrease in muscle weight was significantly greater in WT HU than in the MyD88 Ϫ/Ϫ HU group (P Ͻ 0.05). Finally, we found that fasting insulin and HOMA-IR significantly increased in WT HU mice (vs. CON, P Ͻ 0.05). Although HOMA-IR was subtly higher in 
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Ϫ/Ϫ HU (P Ͻ 0.05), WT HU fasting insulin and HOMA-IR responses were significantly greater than those in MyD88 Ϫ/Ϫ HU. Fasting glucose responses were not different between groups.
After 14 days of HU ( Fig. 1 ), blood glucose levels in the WT HU group were significantly elevated above all groups at 15, 30, and 60 min during a GTT (P Ͻ 0.05). As a result, glucose AUC for WT HU mice was significantly greater than in all groups (P Ͻ 0.05). In contrast, GTT response in MyD88 Ϫ/Ϫ HU was similar to MyD88 Ϫ/Ϫ CON and WT CON. Together, physical inactivity disrupted postprandial glucose uptake and fasting insulin sensitivity in WT but not in MyD88 Ϫ/Ϫ mice. Mouse skeletal muscle immunoblotting. Expression of several proteins related to inflammatory and ceramide biosynthesis pathways was significantly increased after 14 days of HU in WT soleus muscle compared with WT CON), including TLR4 ( Fig. 2A; ϳ70%) , IL-6 (ϳ500%; Fig. 2D ), and SPT2 (ϳ90%; Fig. 2E Ϫ/Ϫ mice (vs. all groups) after 14 days of HU. There were no changes in total protein levels for any of the phosphospecific proteins (P Ͼ 0.05; data not shown). Results in plantaris were similar to soleus data except that there were no changes in JNK phosphorylation after HU for both WT and MyD88 Ϫ/Ϫ mice (Fig. 3) . We also evaluated protein expression for CD45, a cell surface marker of immune cells, and a chemokine (MCP-1) in soleus skeletal muscle homogenate samples. We found that CD45 protein expression increased in WT HU mice (P Ͻ 0.05) vs. all groups (WT Con: Protein expression data were normalized to internal control and are presented in arbitrary units (AU). *Difference between WT HU and all experimental groups (P Ͻ 0.05). Representative immunoblot images are presented in replicate. GAPDH was used to verify equal sample loading. Any adjustments to digital images do not alter the information contained therein. decrease in percent lean body mass (ϳ0.8%), an increase in percent fat mass (ϳ1.1%), and an overall decrease in body weight (ϳ1.6kg) (P Ͻ 0.05) ( Table 2 ). There were no differences in fasting levels of serum glucose or insulin or the calculated HOMA-IR after bed rest. In contrast, the Matsuda Index was lower after bed rest (P Ͻ 0.05). Serum levels of NEFA, reported as either absolute or percent change from pre-bed rest, did not change as a result of 5 days of bed rest. Similarly, absolute serum endotoxin levels did not change as a result of bed rest; however, there was a tendency for the percentage of endotoxin levels to increase (P ϭ 0.09). Finally, HDL-cholesterol levels and the HDL/LDL ratio decreased after bed rest (P Ͻ 0.05), but bed rest did not alter LDL-cholesterol, total cholesterol, or triglycerides.
After bed rest, glucose levels were higher at 60 and 90 min during the OGTT compared with before bed rest ( Fig. 4A ; P Ͻ 0.05). As a result, glucose AUC was significantly increased after bed rest (P Ͻ 0.05). Serum insulin levels after glucose challenge were elevated after bed rest at all time points ( Fig.  4B ; P Ͻ 0.05), and total insulin AUC tended to be higher after bed rest (P ϭ 0.06).
Human skeletal muscle immunoblotting and gene expression.
Following bed rest in older adults, protein expression for TLR4 (Fig. 5A) tended to increase by ϳ35% (P ϭ 0.08), SPT2 protein (Fig. 5B ) increased by ϳ40% (P Ͻ 0.05), MYD88 mRNA expression (Fig. 5C ) decreased ϳ25%, IL-6 mRNA expression (Fig. 5D ) increased by ϳ200%, and phosphorylation of Akt at Ser 473 (Fig. 5E ) decreased by ϳ20% (P Ͻ 0.05). There were no differences in the phosphorylation of Akt at Thr 308 ( Fig. 5F ; P ϭ 0.14). Neither CD45 (1.35 Ϯ 0.18 fold change from Pre; P ϭ 0.19) or MCP-1 (1.36 Ϯ 0.23 fold change from Pre; P ϭ 0.27) mRNA expression was altered after 5 days of bed rest (data not shown). Total protein levels for Akt did not change as a result of 5 days of bed rest (P ϭ 0.40).
Correlations. Finally, we determined the relationship of two of our notable skeletal muscle findings with glucose uptake impairment in older adults after bed rest. We found that, after 5 days of bed rest, TLR4 protein expression was inversely correlated with the Matsuda Index (Fig. 6A ) and positively correlated with insulin AUC (Fig. 6C) (P Ͻ 0.05) but not glucose AUC (Fig. 6B) . In contrast, SPT2 protein expression Protein expression data were normalized to internal control and are presented in AU. *Difference between WT HU and all experimental groups (P Ͻ 0.05). #Difference between WT HU and WT CON (P Ͻ 0.05). Representative immunoblot images are presented in replicate. GAPDH images were used to verify equal sample loading. Any adjustments to digital images do not alter the information contained therein.
was not related to either of these physiological parameters (Fig.  6, D-F) . Additionally, HOMA-IR was not correlated with TLR4 (R ϭ 0.23) or SPT2 (R ϭ 0.40) protein content (not shown).
DISCUSSION
In this study, we identified that the MyD88 pathway is a major regulator of downstream skeletal muscle cellular signaling and peripheral metabolic disruption (e.g., impaired glucose uptake, insulin resistance) caused by physical inactivity. Specifically, we noted that MyD88 signaling in mice in response to 14 days of HU was responsible for increased inflammation (i.e., JNK, IL-6), ceramide biosynthesis signaling (i.e., SPT2), and TLR4 protein expression within skeletal muscle homogenates. In an attempt to ascertain whether these findings in mice could be translated to humans, we evaluated similar end points in older adult skeletal muscle samples before and after 5 days of bed rest. Interestingly, skeletal muscle SPT2 protein and IL-6 mRNA expression increased in older adults after bed rest, while increased TLR4 was strongly correlated with worsened postprandial insulin responses and the Matsuda Index. Together, these novel data support the hypothesis that MyD88 signaling is an important mechanism for altered glucose handling, inflammation, and ceramide biosynthesis signaling following short-term physical inactivity. This is the first study to identify altered MyD88 signaling as a mediator of disrupted glucose uptake initiated by physical inactivity. Namely, a whole body knockout of MyD88 completely nullified the peripheral metabolic disruption (glucose intolerance, insulin resistance) caused by 14 days of hindlimb unloading in mice. Decreased muscle contractile activity is one of two major metabolic factors (along with nutritional lipid overload) that play undisputed roles in metabolic disruption (1) . It has been known for some time that short-term controlled bed rest (6) or reduced physical activity (40) significantly disrupts whole body insulin sensitivity and glucose uptake in young adults. Few studies have examined the short-term consequences of physical inactivity on insulin sensitivity and glucose tolerance in older adults (8, 13) . In this study, we show that older adults developed glucose intolerance (and other indexes of peripheral metabolic disruption; decreased HDL-C) in less than 5 days of bed rest. This is in agreement with Coker et al. (13) , who observed insulin-mediated suppression of glucose uptake after 10 days of bed rest in older adults. Our data are important and clinically relevant because 1) they clearly demonstrate the metabolic potency of very short-term bouts of inactivity in older adults, 2) a majority of older adults hospitalized for acute illness typically spend ϳ5 days with low amounts of ambulatory activity during hospitalization (22) , and 3) according to our animal data, which is strongly supported by our bed rest model, TLR4/MyD88 signaling may partly mediate glucose intolerance with physical inactivity in older adults, and therefore this pathway could represent a future target of pharmacological intervention.
Another major finding in this study was that MyD88 signaling was responsible for the physical inactivity-induced upregulation of inflammation and ceramide biosynthesis signaling in whole skeletal muscle tissue homogenates. Proinflammatory cytokines and lipid intermediates, such as ceramides, are well known to interfere with insulin signaling (9, 28, 42) and therefore may have been responsible for reduced Akt phosphorylation (ϳ50% in mouse and ϳ20% in human) observed in our physical inactivity experiments. Previous studies of physical inactivity in rodents (34) and humans (7, 33) have observed decreased skeletal muscle insulin/Akt signaling and GLUT4 content, but surprisingly, upstream mechanisms have not been addressed. In this study, we uniquely show that MyD88 signaling increased the expression of SPT2, a rate- . Postprandial glucose and insulin responses before and after bed rest. Serum glucose (mg/dl; A) and insulin (U/ml; B) levels in response to an oral GTT before (OE, solid line) and after (, dotted line) bed rest in older adults (means Ϯ SE; n ϭ 9). Blood was sampled before (0) and 30, 60, 90, and 120 min after ingestion of 75 g of Glucola. Right: AUC calculated for serum glucose and insulin before and after bed rest. *Different from 0 min (P Ͻ 0.05). #Different from Pre (P Ͻ 0.05). $P ϭ 0.06 vs. Pre.
limiting enzyme that catalyzes the conversion of palmitoyl CoA and serine into ceramide. Because SPT2 plays a pivotal role in de novo ceramide accumulation, this enzyme has served as a reputable target (via myriocin) to prevent increases in ceramide and restore insulin sensitivity in various tissues (26, 51) . Even though our human bed rest model was substantially shorter in duration compared with the animal experiment (for ethical considerations), 5 days of bed rest was sufficient to increase skeletal muscle SPT2 in older adults, suggesting that ceramide levels may be heightened with bed rest. The shorter duration of bed rest may have also contributed to the unexpected decrease in MYD88 mRNA expression. It is difficult to interpret the MYD88 mRNA data observed after bed rest, since activation of TLR/MyD88 signaling is primarily regulated by protein interactions/dimerization steps rather than changes in MYD88 abundance levels. It is possible that a decrease in MYD88 mRNA may be a compensatory mechanism to slow overactivation of TLR/MyD88 signaling and metabolic perturbations during the early stages of inactivity (5 days bed rest). Clearly, a more thorough investigation of the various downstream signaling molecules combined with more appropriate methods of evaluation (coimmunoprecipitation) will be neces- sary to conduct in future human inactivity studies. Together, our data imply that physical inactivity increased a critical enzyme (i.e., SPT2) associated with de novo ceramide synthesis and is mediated by MyD88 signaling.
Since there are multiple TLRs that lie upstream of MyD88, we cannot conclude from these experiments which specific receptor is responsible for downstream MyD88 signaling. However, given our observations of increased TLR4 expression in muscle after HU in mice, we suspect TLR4 is at least partially responsible, although other TLRs may be cocontributors. In fact, a previous study in humans showed a transcriptional increase in not only skeletal muscle TLR4 but also TLR5 and -6 in response to a 2-day lipid infusion (29) . Nonetheless, the importance of TLR4 in metabolic disruption is well documented, especially under conditions of endotoxin or palmitate stimulation or following a high-fat diet (26, 29, 36, 43) . In fact, in a cross-sectional study, Reyna et al. noted an increase in skeletal muscle TLR4 protein content in obese and diabetic individuals (vs. lean), a response that was correlated with the HOMA-IR, a measure of hepatic fasting insulin sensitivity (44) . In older adults, we noted a tendency (P ϭ 0.08) for skeletal muscle TLR4 protein abundance to increase after 5 days of bed rest (ϳ35%). This was similar, although not as robust, to the increased TLR4 expression we reported previously after a 7-day bed rest study in older adults (18) . Even though the increase in TLR4 after 5 days of bed rest was not correlated with HOMA-IR, our data were strongly correlated with the Matsuda Index, a measure of peripheral (i.e., muscle) insulin sensitivity calculated from the OGTT, emphasizing the importance of skeletal muscle and the TLR4/MyD88 pathway in regulating postprandial glucose uptake following short-term physical inactivity. Interestingly, SPT2 was not correlated to these physiological parameters in older adults after bed rest. Since the turnover of ceramide is regulated by multiple de novo synthesis enzymes (SPT, CERS, DES) and breakdown enzymes (10), it would be premature to discredit SPT2 as an important precursor to glucose intolerance in older adults with bed rest. Instead, future studies are needed to determine if changes in SPT2 activity, or a composite of several ceramiderelated enzymes, in mice and humans translate into muscle ceramide accumulation with physical inactivity.
An unexpected finding was that the physical inactivityinduced increase in TLR4 protein content was completely blocked in MyD88 Ϫ/Ϫ mice after 14 days of HU even though MyD88 is downstream of TLR4. Previous work has shown that JNK is capable of regulating the transcription of TLR1 in macrophages (30) , suggesting that MyD88 signaling may induce a positive feedback loop to further enhance sensitivity to certain TLR ligands. Therefore, knockout of MyD88 (and therefore reduced JNK phosphorylation) may help explain the reduction in muscle TLR4 protein content in MyD88 Ϫ/Ϫ mice with unloading, but this remains to be determined.
Finally, our animal and human physical inactivity experimental models induced robust atrophy similar to previous reports (13, 18, 20) . However, an interesting observation was that MyD88
Ϫ/Ϫ mice were partially protected from muscle loss during 14 days of hindlimb unloading. It is not entirely surprising that MyD88 Ϫ/Ϫ mice were only partially resistant to disuse atrophy, since TLR4 signaling can occur through a MyD88-independent pathway (e.g., TRIF) (52) . Currently, few mechanistic data exist linking regulation of muscle cell size with MyD88 signaling. Previous studies have demonstrated that endotoxin/LPS, a specific TLR4 ligand, caused a reduction in skeletal muscle protein synthesis in rodents possibly by increasing proinflammatory cytokine levels (35) . We speculate that blockade of NF-B signaling (via IB␣) in MyD88 Ϫ/Ϫ mice and attenuation of an increase in proinflammatory cytokines (IL-6) perhaps resulted in inhibition of protein synthesis (14, 24) . In support, we previously noted increased IL-6 expression in older adults after 7 days of bed rest (18) and a reduced amino acid-stimulated protein synthesis response (15) . Another possible explanation for partial atrophy protection in MyD88 KO mice may be through TNF receptor adaptor protein 6 (TRAF6). TRAF6 serves as an adaptor molecule and signal transducer downstream of MyD88. TRAF6 may mediate muscle atrophy by augmenting muscle proteolysis via autophagy and the ubiquitin proteasome system. In support, TRAF6 knockout mice have considerably less atrophy and muscle expression of MuRF1, MAFbx, and autophagy-related proteins (vs. littermate TRAF6 floxed mice) in response to 14 days of denervation (41) . Identifying the precise mechanisms that mediate physical inactivity-induced muscle atrophy through the TLR/MyD88 signaling pathway is warranted.
In conclusion, we show for the first time that MyD88 is an important mechanistic link between physical inactivity and glucose intolerance, and this may be a result of a skeletal muscle environment characterized by MyD88-dependent acti- Fig. 7 . Proposed mechanistic role of MyD88 signaling-mediated metabolic disruption caused by physical inactivity. Global knockdown of MyD88 protected skeletal muscle from physical inactivity-induced increase in NF-B and JNK signaling, increased IL-6 and SPT2 protein expression, decreased Akt phosphorylation, and glucose intolerance. Remaining to be determined are the upstream ligand(s) and the specific TLR(s) that bridge physical inactivity and activation of MyD88 signaling and whether an increase in SPT2 translates into ceramide species accumulation. Moreover, further research is warranted to investigate the cell source of disrupted MyD88 signaling (e.g., skeletal muscle, immune cells). Dotted line represents indirect regulation and question mark represents unknown mechanism.
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vation of inflammation and ceramide biosynthesis signaling (Fig. 7) . Our findings in older adult skeletal muscle after bed rest support these findings. Future studies are warranted to examine various ceramide species and lipid intermediates following physical inactivity in mouse and human skeletal muscle as well as the contribution of immune cells to metabolic dysruption. For example, we observed an increase in immune cell infiltration following 14 days of hindlimb unloading in WT mice (but not in MyD88 mice), suggesting that perhaps altered MyD88 signaling of immune cells within skeletal muscle (in lieu of or in addition to altered MyD88 signaling in skeletal muscle cells) may contribute to glucose intolerance and altered skeletal muscle signaling. Evidence supports that infiltration of macrophages in skeletal muscle following a high-fat diet may contribute to insulin resistance (21) . Taken together, these data will be important in the development of future pharmacological approaches aimed at attenuating TLR/MyD88 signaling and maintenance of postprandial glucose tolerance in physically inactive older adults.
